Sheep exposed to testosterone during a critical period from gestational day (GD) 30 to GD 90 develop masculine genitals and an enlarged male-typical ovine sexually dimorphic nucleus of the preoptic area (oSDN). The present study tested the hypothesis that separate critical periods exist for masculinization of these two anatomical end points. Pregnant ewes were treated with testosterone propionate (TP) either from GD 30 to GD 60 (early TP) or GD 60 to GD 90 (late TP). Control (C) pregnant ewes were treated with corn oil. Fetuses were delivered at GD 135 and the volume of the oSDN was measured. Early TP females possessed a penis and a scrotum devoid of testes, whereas late TP and C females had normal female genitals. Neither period of TP exposure grossly affected the genitals of male fetuses. Despite masculinized genitals, the mean volume of the oSDN in early TP females (0.32 Ϯ 0. W e previously described the presence of a sexually dimorphic nucleus (SDN) in the preoptic area/ anterior hypothalamus of the sheep, which was named the ovine SDN (oSDN) (1). The oSDN is a dense group of aromatase-expressing neurons that occupy the central component of the medial preoptic nucleus. The volume of the oSDN is 2-to 3-fold greater in rams that are sexually attracted to ewes (female oriented rams) than in either ewes or rams that are sexually attracted to other rams (male oriented rams) and thus correlates with sexual attraction in rams. Studies in other mammalian species, including humans, have also linked sexual preference to the function of the medial preoptic area/anterior hypothalamus and the size of sexually dimorphic nuclei that exist within this brain area (2-4). However, it remains an open question whether the size of the SDN is the cause or consequence of male-vs. female-typical sexual partner preferences.
W
e previously described the presence of a sexually dimorphic nucleus (SDN) in the preoptic area/ anterior hypothalamus of the sheep, which was named the ovine SDN (oSDN) (1) . The oSDN is a dense group of aromatase-expressing neurons that occupy the central component of the medial preoptic nucleus. The volume of the oSDN is 2-to 3-fold greater in rams that are sexually attracted to ewes (female oriented rams) than in either ewes or rams that are sexually attracted to other rams (male oriented rams) and thus correlates with sexual attraction in rams. Studies in other mammalian species, including humans, have also linked sexual preference to the function of the medial preoptic area/anterior hypothalamus and the size of sexually dimorphic nuclei that exist within this brain area (2) (3) (4) . However, it remains an open question whether the size of the SDN is the cause or consequence of male-vs. female-typical sexual partner preferences.
One approach we have taken to address this question is to determine whether the oSDN develops early in life and to understand how prenatal exposure to hormones affects its development. We reason that if the oSDN develops before birth and thus well before sexual behaviors are manifested, then it could predispose animals to exhibit either male-typical or female-typical sexual preferences. We recently demonstrated that the oSDN is present in late-gestation fetal lambs when it is 2-fold larger in males than females (5) . These results do not prove causality but do strengthen the association between oSDN size and sexual partner preference suggesting that they are either directly related or responding in kind to the same developmental cues.
In sheep the critical period for sexual differentiation has been described as occurring between gestational day (GD) 30 -90 of a 147-d pregnancy. During this period of maximum androgen sensitivity, gonadal and systemic concentrations of testosterone (T) are significantly higher in males than females (6, 7) . Females exposed to exogenous T during the entire length of the critical period (GD 30 -90) are born with masculine external genitals consisting of a functioning pseudopenis and scrotum devoid of gonads (i.e. genital masculinization). In addition, exposure of fetal female lambs to excess androgens results in disordered reproductive physiology (8, 9) , which includes disruption of estradiol (E2)-negative and -positive feedback, disrupted progesterone (P)-negative feedback, reduced or absent female-typical receptive behaviors (regarded as defeminization), and enhanced expression of male-typical behaviors (i.e. masculinization). Gonadal steroids, in particular T, organize the development of specific brain areas that control sexually dimorphic reproductive physiological responses and sexual behaviors (10) . To address the question of whether gonadal hormones can also be implicated in the causation of same-sex behavior in rams through an organizational effect, we studied the effect of prenatal exposure to T on oSDN volume. We found that after exposure of genetic females to exogenous T from GD 30 to GD 90 the volume of the oSDN was significantly larger than in control females and similar in size to control males (5) . Thus, prenatal T exposure masculinizes the oSDN, suggesting it is possible that variations in prenatal T exposure or action can account for the size difference of the oSDN in male-oriented rams compared with femaleoriented rams.
Male-oriented rams have normal male genitals yet display a female-typical sexual partner preference. To invoke the hypothesis that same-sex preferences in rams are due to variations in prenatal androgen exposure or action, it must be shown that androgen-dependent differentiation of the brain and the genitals occur at distinct developmental times. The present study tested this possibility by exposing sheep fetuses to T propionate (TP) injected into their mothers and examining the effects on their genitals and oSDN. We predicted that exposure of female fetuses to exogenous T during the first half of the critical period (GD 30 -60) would masculinize their genitals without altering the volume of their oSDN, whereas exposure during the second half (GD 60 -90) would masculinize the volume of their oSDN without altering their genitals.
Materials and Methods

Experimental animals and treatments
Twenty-one timed pregnant ewes (Ovis aries) of mixed Western breeds were bred at the sheep facility at Oregon State University. The pregnant ewes were treated twice a week with 100 mg TP (Steraloids Inc., Newport, RI) injected im in 2 ml of corn oil either from GD 30 -60 (early TP group) or GD 60 -90 (late TP group). Control (C) pregnant ewes were treated with oil during the same gestational periods. TP is a long-acting 17-alkylated derivative of testosterone, which is hydrolyzed before acting (11) . This androgen dose has been used previously by us and others to masculinize female fetuses and produces concentrations of T in the fetus approximately equal to twice that of control male fetuses (5, 12) . All animal procedures were approved by the Oregon State University Institutional Animal Care and Use Committee.
Tissue and blood collection
At GD 135 Ϯ 0.2 (SEM), jugular blood samples were taken from the ewes. Anesthesia of the ewes was induced with ketamine and diazepam iv and then maintained with inhaled isoflurane and oxygen. Ewes were subjected to a midventral laparotomy to expose the uterus containing the deeply anesthetized fetus. Blood samples (2-3 ml) were taken from the umbilical artery. Heparin (10,000 U) was given through the umbilical vein, followed by 10 ml of saturated KCL to euthanize the fetus and arrest the heart in diastole. The umbilical cord was severed and the fetus weighed and sexed by visual inspection of the gonads. The crown-rump length (CRL), anogenital distance and anoumbilical distances measured in centimeters were also recorded at this time. The brain was then removed, and a diencephalic block that extended from the anterior margin of the optic chiasm to the mammillary bodies was dissected and immediately immersed in ice-cold 4% buffered paraformaldehyde. After immersion fixation overnight, the brains were cryoprotected in 20% sucrose for 72 h, frozen in isopentane at Ϫ55 C, and then stored at Ϫ80 C.
In situ hybridization
The fixed brain tissues were sectioned coronally (40 m thick) into four parallel series that were mounted onto Fisher Superfrost microscope slides (Fisher Scientific, Pittsburgh, PA), desiccated, and stored frozen at Ϫ80 C. Expression of cytochrome P450 aromatase mRNA was detected by in situ hybridization using a sheep-specific 33 P-labeled riboprobe according to previously published procedures (13) . Anatomical landmarks were identified in thionin stained material from an adjacent series of brain sections.
The volume of the oSDN was determined from the thioninstained brain series. In addition, the volume of the oSDN and anterior periventricular preoptic nucleus (AVPV) were determined from the in situ autoradiograms. All volume measurements were performed with NIH Image J version 1.43 (National Institutes of Health, Bethesda, MD).
Steroid hormone measurements
Serum was harvested from blood clotted overnight at 4 C and centrifuged at 1000 ϫ g for 15 min then stored at Ϫ20 C until assayed for steroid concentrations. T, E2, and P were each measured in a single RIA after maternal and fetal sera were extracted with ether and fractionated on LH20 Sephadex (Sigma-Aldrich Corp., St. Louis, MO) columns according to our previously published procedures (14) . The mean percentage of recovery, minimum level of sensitivity, and interassay coefficient of variation were as follows: T, 62.3%, 4.5 pg/ml, and 10.5%; E2, 67.4%, 2.4 pg/ml, and 2.8%; P, 71.0%, 2.6 pg/ml, and 4.6%.
Statistical analysis
Comparisons of fetal measurements by sex and treatment group were made by two-way ANOVA after log 10 transformation if needed to equalize the variances. Post hoc planned comparisons were by Tukey's test when a significant interaction between major effects was found. Maternal hormone concentrations were analyzed by one-way ANOVA. Figure 1 presents schematic views of the external genitals from male (left panel) and female (right panel) GD 135 lamb fetuses. The values represent the average Ϯ SEM ratio of anogenital distance to anoumbilical distance. The ratio spans a scale of 0 (position of the anus) to 1 (position of the navel) (see the scale at the bottom of Fig. 1 ). The ratio in control males is significantly greater than in control females and represents complete masculinization.
Results
External genitals
T exposure of female lambs during early gestation alone was sufficient to completely masculinize the external genitals. Early TP exposure of females produced complete masculinization of the external genitals, including development of a penis and empty scrotum. The anogenital to anoumbilical ratio in early TP females was significantly greater than in control females and not different from control males. Early TP exposure did not affect gross morphological development of the genitals in males. In contrast, late TP exposure was without effect on the genitals of GD 135 fetal lambs. Specifically, late TP males and females were indistinguishable from control lambs. Figure 2A illustrates the effects of sex and T exposure on the volume of the oSDN as defined by Nissl staining. Two-way ANOVA revealed a significant effect of treatment [F (2, 25) ϭ 7.7; P ϭ 0.002], sex [F (1, 25) ϭ 13.2; P ϭ 0.001], and a significant sex ϫ treatment interaction [F (2, 25) ϭ 8.3; P ϭ 0.002]. Representative coronal sections taken through the Nissl-stained oSDN for the control and experimental groups are shown in Fig. 3 . The oSDN was significantly larger in GD 135 male lamb fetuses than in female lamb fetuses (Figs. 2 and 3) . Planned post hoc comparisons revealed that early TP exposure did not affect the oSDN volume of females but unexpectedly reduced the volume in males. Conversely, late TP exposure masculinized the oSDN volume of females but did not org affect the volume of males. There were no significant effects of sex or treatment on brain weights (Fig. 2B ) that could have contributed to the morphological features of the oSDN. Figure 4A illustrates that the sex difference and treatment effects seen in thionin-stained sections were also apparent when the oSDN volume was measured using the pattern of aromatase mRNA expression, which we reported previously can be used to define the borders of the oSDN (1). Thus, two-way ANOVA revealed significant main effects of sex and treatment and a significant interaction (all P Ͻ 0.002), and post hoc comparisons confirmed that late TP, but not early TP, treatment masculinized the oSDN of females.
Ovine SDN
The pattern of aromatase expression was also used to estimate the volume of the AVPV (Fig. 4B) . The AVPV was previously shown to be sexually monomorphic in lategestation lamb fetuses (5) and serves as a tissue control in the current study. As expected, there was not a significant effect of treatment [F (2, 25) ϭ 1.0; P ϭ 0.4], sex [F (1, 25 ϭ 1.1); P ϭ 0.3], or a significant sex ϫ treatment interaction [F (2, 25) ϭ 2.2; P ϭ 0.1] in AVPV. Thus, sex and treatment differences in brain morphology and aromatase expression were specific to the oSDN and not the result of systematic procedural variations. Table 1 presents the data for body weight and crownrump length among treatment groups. Two-way ANOVA revealed a significant effect of treatment [F (2, 25 ϭ 5.7); P ϭ 0.009] and a significant interaction [F (2, 25) ϭ 4.6; P ϭ 0.02] between sex and treatment for body weight that can be attributed to a reduced body weight in the early TP females. Similarly, early TP females exhibited a significant treatment effect [F (2, 24) ϭ 10.6, P ϭ 0.0005] due to a shorter CRL.
Physical measures
Hormone levels
There were no significant residual effects of prenatal TP exposure on the concentrations of T, P, and E2 in the serum from umbilical arteries of control, early, and late TP-exposed fetuses (Table 2 ). There was no significant effect of sex on the concentrations of P or E2 in umbilical arteries. However, there was an overall significant sex difference in testosterone concentrations with males exhib- 
Discussion
The results of the current study indicate that the volume of the oSDN in female lamb fetuses can be enlarged to a size comparable with that of normal males without accompanying genital masculinization, provided T exposure is given from GD 60 to GD 90 (late TP). In contrast, the external genitals are masculinized in females exposed to T from GD 30 to GD 60 (early TP), but the volume of the oSDN in early TP females was not different from C females. These results demonstrate that brain and genital masculinization are independent processes that take place prenatally in sheep.
In sheep, differentiation of the primordial gonad into a testis occurs between GD 25 and GD 35 (15) . The fetal testes start to synthesize T around GD 35 (6, 7) . Rising blood levels of T program the external genitals to differentiate into the scrotum and penis beginning at GD 40 (16) . Throughout midgestation the serum concentrations of T are higher in males than in females and decline after GD 90 (17) but remain higher in males than in females throughout the remainder of gestation and early perinatal life (6) and Roselli, C. E. (unpublished data). Although a detailed study of oSDN ontogeny has not been performed as yet, our preliminary data suggest that this nucleus does not become dimorphic until after GD 85 (18) . Thus, in consideration with the current results, it appears that T initiates the program for differentiation of the penis and scrotum earlier in gestation than for masculinization of the oSDN.
Previous studies demonstrated that the discrete critical periods exist in sheep for androgen-regulated sexual differentiation of genital anatomy, behavior, and neuroendocrine function (15, 16, 19) . Clarke et al. (16) originally demonstrated that the greatest degree of genital masculinization was achieved in ewes exposed to T from GD 30 to GD 80, whereas the greatest behavioral masculinization and defeminization was seen in ewes exposed to T from either GD 50 to GD 100 or GD 70 to GD 120. Ewes exposed to T from GD 90 to GD 140 exhibited normal estrous cycles and receptivity. These results, together with those of an earlier study by Short (15) , demonstrated that the critical period for behavioral masculinization/defeminization occurs later than the sensitive period for genital differentiation. Similar studies in guinea pigs and rhesus macaques also found that genital masculinization occurs earlier in fetal development and largely independent of behavioral masculinization (20, 21) . Subsequent studies revealed that copulatory behavior and urinary posture of ewes can be masculinized by exposing female fetuses to T during the latter part of the critical period (16, 22) but defeminization of receptive behavior and the LH surge mechanisms required earlier and longer T exposures (9, 19) . Taken together these studies indicate that some aspects of behavioral and neuroendocrine defeminization requires prenatal T exposure that begins earlier and lasts longer than the T exposure required for masculinization. The function of the oSDN is not yet known, but its volume correlates with sexual partner preferences in sheep. Rams that are sexually attracted to females have on average significantly larger oSDN volumes than rams or ewes that are sexually attracted to rams (1) . The size of the oSDN in not affected by serum concentrations of T in adults (23) but is organized prenatally by T (5). The current observation that the oSDN is masculinized later than the genitals makes it possible that a variation in the hormonal environment during midgestation could contribute to same-sex attractions in rams that otherwise have normal male genitals.
Genital masculinization can be separated from brain masculinization in short gestation species such as rodents in which the SDN-preoptic area development is not complete until shortly after birth (24) . For instance, neonatally castrated male rats have normal genital development but significantly smaller SDN-preoptic area volumes in comparison with intact controls (25) . In contrast, hypothalamic structural dimorphisms in long-gestation mammals such as guinea pigs, ferrets, and monkeys are determined entirely during a prenatal critical period that overlaps with the sensitive period for genital masculinization (26 -28) . The temporal requirements for differentiation of maletypical SDN and genitals in these species have not been studied in detail and it is not known whether they can be separated. Thus, to our knowledge, the current study is the first to find that masculinization of the sexually dimorphic preoptic structure and genital anatomy has distinct temporal requirements in a long gestation or precocial species.
The oSDN was not affected by late TP exposure in male lamb fetuses. However, we unexpectedly found that early TP exposure reduced oSDN volume. This result suggests that early exposure to exogenous and presumably elevated levels of T and/or its metabolites may have demasculinizing effects in males, possibly by altering the maturation of the hypothalamus or directly affecting testicular steroid synthesis. Interestingly, a previous study by Baum et al. (28) found that fetal exposure to exogenous T tended to reduce the adult preference of male ferrets to approach and mate with female conspecifics, an observation that also points to a demasculinizing effect of exogenous T on the male brain. Alternatively, the effect of early TP may be indirect via metabolic actions on the mother or fetus because we did observe indications of growth suppression in early TP females.
Some perspective on the endogenous and exogenous concentrations of T present during the prenatal treatment can be gained from our previous study that used the same prenatal TP treatment as the present study (5) . We found that prenatal treatment produced an average maternal concentration of T (13.5 ng/ml), with much lower concentrations (0.57 ng/ml) present in the fetal serum when measured on GD 85 at 26 h after injection. The elimination half-life of T in pregnant ewes was measured to be 30.8 h. The concentration of T in the serum from untreated male fetuses (0.28 ng/ml) was approximately half that of TP-treated males. Prenatal TP exposure has also been shown to disrupt the serum concentrations of estrogens in sheep fetuses and reduce testis weights (5, 17) . It is possible that this disrupted endocrine milieu in the male could have suppressed or altered some component of the hypothalamic-pituitary axis during the developmental window (GD 60 -90) when the program for oSDN volume was being established. Previous studies have demonstrated that LH secretion in ovine male fetuses is pulsatile and responsive to gonadal feedback at midgestation (29, 30) . Recent evidence also suggests that prenatal T exposure compromises GnRH responsiveness in neonatal male lambs and adversely effects germ cell function in mature testes (31, 32) . Further studies will be necessary to determine the reason that early TP exposure in males reduced the volume of the oSDN and whether this produces any permanent behavioral consequences in adults.
In conclusion, our findings support the idea that the critical period for sexual differentiation is not a single entity. In the sheep, genital differentiation by fetal androgens occurs before GD 60 and is succeeded by a later period occurring from GD 60 to GD 90 when the volume of the oSDN is programmed. Thus, these new data help explain how variations in T action during a specific time window of gestation could produce rams that prefer to mate with other rams but still possess normal masculine genitals and other male-typical neuroendocrine and behavioral traits similar to rams that prefer to mate with females.
